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Remodelling of the uterine spiral arteries during the first twenty weeks of pregnancy ensures 24 maternal blood is delivered to the placenta at rate of flow that allows it to meet an increasing 25 requirement for nutrients and oxygen, and enables the developing fetus to attain its full 26 growth potential (Burton et al. 2009 ). Incomplete remodelling leads to poor placental 27 perfusion, a recognised feature of pre-eclampsia (Kadyrov et al. 2003; Pijnenborg et al. 28 2006), which affects 2-8% of pregnancies and is a major cause of maternal and perinatal 29 morbidity and mortality worldwide (Ghulmiyyah and Sibai 2012) . However, the etiology of 30 pre-eclampsia remains poorly understood and delivery of the placenta is currently the only 31 effective treatment. It is therefore important to understand the regulation of spiral artery 32 remodelling and identify possible therapeutic targets. 33 34 In normal pregnancy, the process of uterine spiral artery remodelling involves extravillous 35 trophoblasts (EVT), which detach from anchoring placental villi and invade the decidua and 36 myometrium of the uterine wall (interstitial invasion) or migrate through the uterine spiral 37 arteries as far as the inner third of the myometrium (endovascular invasion). The interaction 38 of EVT with the spiral arteries results in specific changes to vessel wall structure (Kaufmann 39 et al. 2003) , with temporary loss of vascular endothelium and disappearance of underlying 40 vascular smooth muscle cells (VSMC) (Ashton et al. 2005; Smith et al. 2009 ); VSMC are 41 replaced by EVT embedded in an amorphous fibrinoid matrix (Pijnenborg et al. 1983 ). The Elastin contains hydrophobic domains rich in nonpolar amino acids such as glycine (G), 72 valine (V), proline (P), and alanine (A), which occur in repeats of three to six peptides such 73 as GGVP, GVGVP, or VGVAPG. As previously observed in other remodelling tissues 74 including the skin, lung and atherosclerotic arteries (Houghton et al. 2006; Almine et al. 75 2012; Maurice et al. 2013) , we hypothesize that elastolysis in the spiral arteries by EVT, 76 VSMC, and uNK cell elastases will release these elastin-derived peptides (EDP). Short 77 bioactive peptides liberated by partial proteolysis of ECM are termed "matrikines" (Maquart 78 et al. 2004) , and the hexapeptide VGVAPG is well known for its chemotactic activity 79 towards monocytes, fibroblasts and tumour cells, and its ability to upregulate MMP 80 expression and activity (Duca et al. 2004 ). MMP-9 and MMP-12-mediated cleavage of 81 elastin can generate VGVAPG (Taddese et al. 2009; Heinz et al. 2010) , and EVT, VSMC, 82 uNK cells and macrophages are sources of these enzymes (Naruse et al. 2009; Smith et al. 83 2009; Harris et al. 2010; Hazan et al. 2010; Anacker et al. 2011 FBS, L-glutamine (2 mmol/L), penicillin (100 IU/ml), and streptomycin (100 µg/ml).
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Isolation of primary CTBs was performed as previously described (Harris et al. 2006) . CTB 119 isolates were plated onto Matrigel-coated plastic (BD Biosciences, San Jose, CA, USA; 120 diluted to 1µg/ml in serum-free medium) to promote a more advanced extravillous 121 phenotype. All cells were incubated with 95% air and 5% carbon dioxide at 37°C in a 122 humidified incubator. dispensing 30 µl onto the membrane and leaving briefly before removing any excess.
155
Matrigel was allowed to gel at 37 ˚C for at least 30 min. Cells were placed in the upper 156 chamber (5 x 10 4 and 6.5-7.5 x 10 4 cells per insert for SGHPL-4 and primary CTBs 157 respectively, in 500µl medium), while the lower chamber was loaded with 500 µl culture 158 medium. After overnight culture at 37 ˚C to allow cells to adhere, the medium was replaced 159 and cells were cultured in the presence or absence of peptide. ). Villous tips were seeded onto collagen gels prepared in advance using 1ml of rat tail 215 collagen (4mg/ml; BD Biosciences, Oxford, UK) mixed with 50µl of serum-free culture 216 medium, followed by 100µl of 7.5% NaHCO 3 . As the collagen polymerised, 100µl was 217 aliquoted into each well of a 24-well culture plate and left to set at 37°C for 30min. One First trimester placental villous explants were fixed in 10% neutral buffered formalin 239 overnight at 4°C before thorough washing in Tris buffered saline (TBS) and paraffin 240 embedding. Tissue sections (5µm) were dewaxed and rehydrated before antigen retrieval was 241 performed by microwaving the slides for 2 x 5 min at 800W in 0.01M citrate buffer (pH6.0).
242
Non-specific staining was prevented by quenching endogenous peroxidase activity with 3% 243 aqueous H 2 O 2 , and was followed by a 30 min blocking step with 5% (wt/vol) BSA in TBS. 
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VGVAPG did not enhance elastase activity or migration of HASMC at any of the 282 concentrations tested (Figure 2) . The scrambled peptide VVGPGA (1µg/ml), which was 283 included as a negative control, did not significantly alter migration or elastase activity. 284 These experiments established that the concentration of VGVAPG that induced a maximal 285 biological response was 1µg/ml. Therefore, this concentration was used for subsequent 286 experiments using first trimester primary CTBs and placental villous explants. 
VGVAPG enhance invasion and migration of primary first-trimester EVT 289
Invasion assays across Matrigel-coated Transwell inserts were carried out using first trimester 290 CTB exposed to VGVAPG for 48h ( Figure 3a ). Cytokeratin 7 immunostaining of cells that 291 had crossed the insert membrane confirmed their identity as trophoblasts. Invasion increased 292 following VGVAPG treatment in all 5 experiments performed (47 invasive cells vs 30 293 invasive cells in vehicle treated controls) but the data did not reach statistical significance. (Pocza et al. 2008) . At present our 361 analysis of receptor function in the response of trophoblast to VGVAPG is incomplete 362 because analytical tools are still in development, but we discuss briefly here the candidate 363 pathways. As integrin αvβ3 is expressed on trophoblasts within cell columns, and on the 364 surface of interstitial and endovascular EVT (Zhou et al. 1997) this may act as a receptor for 365 EDP in trophoblast. One study has reported that Gal3 is also highly expressed in EVT cell 366 columns of anchoring villi but is absent from invasive interstitial EVTs during the first 367 trimester (Vicovac et al. 1998) ; however, another has demonstrated Gal3 expression in cell 368 columns and in interstitial and endovascular EVT (Maquoi et al. 1997) . Despite this 369 controversy, Gal3 protein expression in primary cytotrophoblast isolated from first trimester 370 placenta was predominantly intracellular (Kolundzic et al. 2011) . Therefore it is unlikely that (Robinet et al. 2007; Garczorz et al. 2011) and are also regulators of tumour cell 385 migration (Jadeski et al. 2003) . 386 387 eNOS is expressed in EVT (Martin and Conrad 2000) and previous studies have shown that 388 nitric oxide (NO) production can influence MMP activity (Brown et al. 2004; McCarthy et al. 389 2008) and regulate trophoblast function (Harris et al. 2008) . EDP-mediated MMP production 390 occurs via ERK1/2 in skin fibroblasts (Duca et al. 2007 ) and activation of MMP in other cell 391 types is also regulated by MAPK (Dodd et al. 2011) . In a similar timeframe to our 392 observations, EDP have been shown to trigger NO production in human endothelial cells via 393 the PI3K/Akt/eNOS pathway after a 20 minute exposure, leading to an increase in MMP 394 expression via MEK 1/2 (Fahem et al. 2008; Garczorz et al. 2011) . Thus the observed 395 increases in EVT migration and invasion observed in our study are likely to correlate, at least 396 in part, to the observed increases in elastase activity. Akt-dependent phosphorylation of mTOR is thought to play a critical role in trophoblast cell 399 migration (Busch et al. 2009 ). However, we found no evidence for activation of this pathway 400 by VGVAPG in EVT. VGVAPG treatment of EVT led to a loss of GSK3 phosphorylation on 401 serine residues -9 in GSK3β and -21 in GSK3α. Phosphorylation of these sites inhibits the 402 activity of GSK3 (Jope et al. 2007) suggesting VGVAPG increases GSK3 activity in EVT.
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Both GSK3α and GSK3β are in an activated state during the most active phase of epithelial 404 cell migration (Farooqui et al. 2006) . However, VGVAPG also increased β-catenin, a protein 405 which is degraded through the action of GSK3. Degradation of β-catenin requires pre-406 phosphorylation by a priming kinase and association of scaffolding proteins before GSK3 can 407 act. It is therefore possible that this β-catenin destruction complex was not adequately 408 assembled and this would explain our conflicting observations. Squamous cell carcinoma 409 overexpressing β-catenin exhibit significantly higher invasion/migration capacity (Iwai et al. 410 2010).
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Our previous work has implicated MMP-12 as the major elastase utilised by EVT (Harris et 413 al. 2010) . As MMP-12-mediated cleavage of elastin generates EDP containing XGXXPG 414 motifs (Taddese et al. 2009 ), trophoblasts are equipped to produce these bioactive peptides as 415 well as respond to them. Therefore, we believe that in healthy pregnancy, products of elastin 416 catabolism further enhance EVT invasion and elastolysis in the spiral arteries. As elastin 417 catabolism is impaired in the myometrial spiral arteries in pregnancies complicated by 418 preeclampsia (Khong et al. 1986 ), we predict that elastase activity and EDP release is also 419 impaired. Interestingly, first trimester chorionic villous biopsies from women who go on to 420 develop pre-eclampsia showed a dramatic reduction in MMP-12 mRNA expression (Founds 421 et al. 2009 ). Furthermore, ERC expression (Kurdoglu et al. 2011 ) and eNOS activity is 422 reduced in placentas from pre-eclampsia compared to healthy controls (Morris et al. 1995 Xiang et al. 2005 ). As EDP have been shown to be protective against ischemia/reperfusion 424 injury in an ex vivo heart model (Robinet et al. 2007) , reduced EDP formation in pre-425 eclampsia could potentiate the damaging effects of ischemia at the maternofetal interface. LGTIPG as well as peptides from type IV collagen both enhance cell migration (Pasco et al. 432 2004). There is evidence to suggest generation of collagen XVIII fragments by trophoblast- 
